The aim of this study was to assess the function of the utricle and horizontal semicircular canals in patients with type 2 diabetes mellitus receiving primary health care, with/without a history of falls. 101 patients with type 2 diabetes mellitus, 34 to 84 years old (26 with and 75 without a history of falls) and 51 healthy volunteers (40-83 years old) accepted to participate. They denied having a history of dizziness, vertigo, unsteadiness, hearing loss, or neurological disorders. None of them were seeking care due to sensory or balance decline. After a clinical evaluation and report of symptoms related to balance using a standardised questionnaire, lateral canal function was assessed by sinusoidal rotation at 0.16 Hz and 1.28 Hz (60°/sec peak velocity), otolith function was assessed by static visual vertical (average of 10 trials) and dynamic visual vertical during unilateral centrifugation (300°/sec at 3.5 cm) and static posturography was performed on hard/ soft surface with eyes open/closed. Compared to healthy volunteers, patients showed decreased responses to unilateral centrifugation, but similar responses to horizontal canal stimuli (independently of age, peripheral neuropathy or a history of falls) (ANCoVA p < 0.05) and a larger sway area with a lengthier sway path. Compared to patients with no falls, patients with falls had a higher female/male ratio and a higher frequency of score ≥ 4 on the questionnaire of symptoms related to balance, but similar age, body mass index and frequency of peripheral neuropathy. In patients with type 2 diabetes mellitus, receiving primary healthcare who are not seeking care due to sensory or balance decline, utricular function may be impaired even in the absence of horizontal canal dysfunction or a history of falls. 
Introduction
To maintain balance, any perturbation of stance must be opposed by coordinated motor responses, requiring sensory information from multiple sources, including somatosensory, vestibular and visual inputs. Evidence has shown that individuals with somatosensory or vestibular deficit are limited in their ability to re-weight postural sensory inputs 1 2 , with the risk of falling. Falls occur as a result of complex interactions between intrinsic (demographic and biological factors) and extrinsic factors (environmental and behavioural factors) 3 . Diabetes mellitus is an independent risk factor for falling, particularly in the elderly 4 5 . Patients with diabetes mellitus may have sensory deficits as well as unrecognised postural instability [6] [7] [8] [9] . In this group of patients, the frequency of symptoms related to balance has been associated with both the time elapsed since the diabetes was diagnosed and the history of peripheral neuropathy and retinopathy 9 .
Studies in murine models of acquired diabetes have shown deterioration of utricular function, with increased latency and decreased amplitude of the short latency vestibular evoked potentials in response to linear acceleration 10 , as well as a high incidence of osmophilic inclusion bodies in the saccular and utricular nerves, with disrupted myelinsheath lamellae 11 . Accordingly, in patients with type 2 diabetes mellitus vestibular dysfunction on clinical tests has been observed [12] [13] [14] . However, studies evaluating the otolith function of patients with type 2 diabetes mellitus are scarce, even more so in patients receiving primary health care. In a recent study, otoconial organ impairment by cervical and ocular vestibular-evoked myogenic potentials was recognised in 50% of adult patients with type 2 diabetes mellitus (saccular, utricular or both organs) 14 . The aim of this study was to assess the function of the urticular macula and the horizontal semicircular canals, as well as postural stability of patients with type 2 diabetes mellitus receiving primary health care, who were not seeking medical care due to sensory or balance decline, with/without a history of falls, compared to age-matched controls.
Materials and methods
After approval of the research protocol by the Research and Ethics Committees of the Institution, informed consent was obtained from all participants and the study was performed according to the Declaration of Helsinki and amendments. A total of 101 consecutive patients with type 2 diabetes mellitus, who met selection criteria (age range 34 to 84 years, mean 60.3 ± 9.8; 27 men; BMI 29.1 ± 4.5) and 51 age-matched healthy volunteers (age range 40 to 83 years, 56.5 ± 6.8; 22 men; BMI 28.4 ± 4.8) participated in the study. The proportion of males was lower in the patient group than in the control group (26.7% versus 43%, p = 0.04). One additional patient accepted to participate but declined to complete the study protocol due to difficulty to attend an appointment. All participants denied having a history and having no medical record of otology, neurology, psychiatry, or orthopaedic disorders, postural hypotension, or exposure to ototoxic medication or unsafe noise levels. All had similar access to health care, but none were seeking it due to sensory or balance deterioration. Patients were receiving primary health care for diabetes and the most frequent medication was metformin (76.4%, 95% C.I. 68.4-84.4%).
According to the occurrence of falls within the previous year, by the definition of the World Health Organization 3 , patients were classified in two groups (Table I) : I. 75 patients with no history of falls (34 to 84 years old). II. 26 patients with a history of falls (42 to 79 years old). After clinical evaluation, including bed-side head shaking and positional tests, all participants replied to a selfadministered questionnaire of symptoms related to balance, which was previously validated (Kurder Richardson 20 = 0.75, intra-class rank correlation coefficient = 0.9) 15 . The questionnaire includes nine items to report each of the balance symptoms described in Fig. 1 , with yes/no answers. A "no" response was scored 0 points and a "yes" response was scored 1 point, except for vertigo which was scored 2 points; frequent falls were considered when occurring at least once per month, and frequent stumbles when occurring at least once per week. The total score is calculated by adding all the points (range 0 to 10); a score higher than 3 can be related to balance disorders 15 . Vestibular function was evaluated by sinusoidal rotation at 0.16 Hz and at 1.28 Hz (60°/sec peak velocity), static visual vertical (average of 10 trials) and dynamic visual vertical during unilateral centrifugation (300°/sec at 3.5 cm) (I-Portal-NOCT-Professional, Neuro-Kinetics, Pittsburgh). For centrifugation, the chair was accelerated to 300°/sec in 60 sec; after 60 sec of full speed rotation the chair moved from the center position to the right in 30 sec, while in offset position the chair dwell for 60 sec, then it moved from the right position to the center in 30 sec, while in the center position it dwell for 60 sec, then it moved from the center position to the left in 30 sec, while in the offset position it dwell for 60 sec, then it moved from the left position to the center in 30 sec, and finally decelerated from 300°/sec to 0°/s in 60 sec. Postural stability was evaluated using static posturography on hard and soft surface, with the eyes either open or closed (Posturolab 40/16, Cedex). In patients with diabetes, peripheral neuropathy was evaluated at first by the Michigan Diabetic Neuropathy Score 16 and the Semmes-Weinstein 10 g monofilament, when any of these two instruments was positive, nerve conduction studies were performed on the tibial and sural nerves (Spirit, Nicolet, Madison, U.S.A.) 17 . Bivariate analysis was performed using "t" test (either for proportions or for means, accordingly), and multivariate analysis was performed using multiple regression and analysis of covariance (Statistica, Statsoft Inc., Tulsa). The significance level was set at 0.05 for two tails.
Results
In patients with diabetes mellitus, comparison between those with/without falls showed a similar age and BMI as well as a similar frequency of peripheral neuropathy, retinopathy and other clinical characteristics (Table I) .
However, patients with falls had a higher female/male ratio and were diagnosed later in life than patients with no falls (Table I) . Patients and controls had a similar gain to sinusoidal rotation at both 0.16 Hz and 1.28 Hz (Table II) . However, compared to controls, patients with diabetes, either with or without a history of falls, showed an increased deviation of the static visual vertical and decreased responses to unilateral centrifugation (p < 0.01) (Fig. 2 , Table II) . Multiple regression analysis showed a significant contribution to falls from the gender (beta 0.16, 95% C.I. -0.02-0.35) (R = 0.35, p = 0.008) and the total score of symptoms related to balance (beta 0.20, 95% C.I. 0.1-39), but no other significant relationships were observed. The frequency of patients with a total score suggesting a balance disorder (≥ 4) was almost twice that in patients with falls (57.7%, 95% C.I. 38.7-76.7%) than in patients with no falls (32.5%, 95% C.I. 22.3-42.7%) ("t" test for proportions, p ≤ 0.05). Among the items, a significant difference between the groups was observed on a larger proportion of patients with falls reporting frequent stumbles ( Fig. 1 ) ("t" test for proportions, p ≤ 0.05), while in the two groups the most frequent symptoms were instability when changing posture and when moving the head rapidly (Fig. 1) . Compared to healthy controls, during static posturography patients with diabetes showed a larger area of sway while standing with the eyes open either on hard or soft surface, which was accompanied by a lengthier sway path (Table III) . Among patients with diabetes, the Romberg index, either on hard or soft surface, showed no significant difference between patients with/without falls (p > 0.05), and covariance analysis did not show any other significant relationship with the clinical characteristics of the patients. However, comparison between those with/without peripheral neuropathy showed that patients with no falls but neuropathy had a trend for a larger area of sway, with no lengthier sway path, while in patients with falls there was no consistent difference between those with or without neuropathy (Table III) .
Discussion
Evaluation of patients with type 2 diabetes mellitus receiving primary health care who were not seeking care for balance disorders, compared to healthy volunteers, showed decreased responses to utricular stimulation by unilateral centrifugation, even when horizontal canal function at 0.16 Hz and 1.28 Hz was preserved, and a larger area of sway with a lengthier sway path on static posturography. These results suggest that, in patients with diabetes mellitus receiving primary health care an underlying otolith vestibular dysfunction may contribute to postural instability, which could enhance the effect of other sensory deficits and in turn may add to the risk factors for balance decline.
The finding of decreased utricular responses to unilateral centrifugation in patients with type 2 diabetes mellitus, even when horizontal canal function was preserved, is consistent with the dissociation between the responses to cervical and ocular vestibular-evoked myogenic potentials and head thrust dynamic visual acuity in all canal planes recently reported in patients with diabetes 14 . Although in that study the head thrust dynamic visual acuity testing showed semicircular canal dysfunction in at least one plane in 70% of patients, participants were all 50 years of age and older with ≥ 10-year history of type 2 diabetes.
The different responses of the two end organs, otoliths and semicircular canals, in early stages of diabetes mellitus could be related to their metabolic and vascular characteristics. In murine models, evaluation of the local metabolic rate of glucose utilisation has shown similar results for the utricle and saccule, which were significantly higher than that for the superior, posterior, or lateral canal ampulla 18 . Compared to the posterior canal ampulla, the rat utricular macula is similar with respect to neuroepithelial volume, capillary surface area and blood flow, but the capillary diameter is smaller and the capillary length is greater 19 . This is consistent with the finding in rats with long-term experimental diabetes of increased capillary diameters along with increased vascularisation of the saccule, suggesting greater stress on the capillary wall 20 . In addition, the maculae of neither animal models nor human beings have shown microangiopathy, even if loss of type I hair cells has been described 20 21 , while evidence supports that dysregulated energy metabolism could also have a role in the vestibular dysfunction due to diabetes mellitus in the context of insulin signaling networks 22 . Vestibular dysfunction is a significant differential diagnosis in patients who have unexpected falls 23 , and in patients with peripheral neuropathy related to diabetes balance recovery after peripheral vestibular disease may be compromised 24 . However, in this study, the evidence of utricular dysfunction in both groups of patients (with/ without falls), with a similar frequency of peripheral neuropathy and a low frequency of retinopathy, did not allow the assessment of the interaction between sensory deficits. Likewise, the low frequency of insulin use and similar glycated haemoglobin levels in the two groups (Table I) did not allow an adequate assessment of a possible influence of these variables on vestibular function and postural control. Although it is already known that during quiet stance patients with diabetes and peripheral neuropathy sway more than controls and even more so if their visual or vestibular systems are perturbed 25 . In this study, patients with diabetes, compared to healthy controls, showed a larger area of sway and a lengthier sway path. However, those with no history of falls but neuropathy had a trend for a larger area of sway, while those with falls, either with or without neuropathy, showed more variability on their sway path. This finding supports that peripheral neuropathy may interact with other sensory impairments and factors related to postural coordination underling balance decline. In this study, the sample size as well as the low frequency of retinopathy in patients with/without a history of falls may preclude further discussion on the interaction among sensory deficiencies. Among patients with diabetes, a gender influence on falling was evident. The association between female gender and higher risk of falls has been described previously 3 . This finding could be at least partially related to muscle strength. Age-related decline in muscle quality is more pronounced in women than men 26 , as well as age related hallux plantar-flexion strength decrease 27 .
The results of this study should be interpreted in the context of its limitations. Since utricular hypofunction was evident in patients with/without falls, and no additional tests were performed, its contribution to postural instability cannot be assessed adequately. Since the evaluation of the occurrence of falls was by self-report, inaccuracy cannot be excluded. In this study, patients were recruited in a primary health care setting, with a low frequency of both complications and polypharmacy, with no history of otologic, neurologic, or orthopaedic disorders. Thus, in patients with more physical impairments the results may be different. According to the cross-sectional design of the study, the findings cannot exclude that patients may develop other vestibular dysfunction in the future. Longitudinal studies are needed to assess the development of the vestibular damage related to diabetes mellitus and its influence on postural control.
Conclusions
In conclusion, in patients with type 2 diabetes mellitus receiving primary health care, who are not seeking medical care due to sensory or balance decline, utricular function may be impaired even in the absence of semicircular canal dysfunction or a history of falls, and the occurrence of falls may not be independently related to vestibular function. Table III . Mean and 95% confidence interval of the mean of the length of sway and area of sway of 101 patients with type diabetes mellitus with/without falls and with/without peripheral neuropathy, and 51 age-matched volunteers without diabetes mellitus. 
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